Introduction
Dissolved organic nitrogen (DON), occurring as urea, peptides, amino sugars, or amino acids, is a main constituent of aquatic pools of organic matter [1] . Prokaryotes such as bacteria, cyanobacteria, and archaea absorb DON directly from environmental water to increase their populations [2] [3] [4] . The DON absorbed by prokaryotes is believed to be transported indirectly to aquatic animals at higher trophic levels via the food chain for use as a nutrient source. This pathway is known as a 'bottom-up cascade', in which DON increases prokaryotic abundance, the abundant prokaryotes are subsequently consumed by protozoa, which are then consumed by zooplankton and so on [5] . In other words, current food-web theory assumes that nutrients flow from DON to aquatic animals via long pathways involving multiple eukaryotic species as intermediary nutrient transporters [6] . However, some studies have suggested that shortcut nutrient flow pathways may exist from DON to marine invertebrates [7] [8] [9] [10] [11] [12] [13] .
Previous studies have documented direct DON uptake by marine invertebrates, thereby shortening the nutrient flow pathway, and improving the growth of individual invertebrates in DON-enriched environmental water [14] . Most studies have used autoclaved or filtered water in their experiments to remove eukaryotic species from the environmental water, but in many cases aquatic bacteria (i.e. prokaryotes) may not have been completely removed (but see [15] ). Therefore, two different shortcut pathways for nutrient flow from DON to aquatic animals may exist: (i) a direct pathway, where the focal aquatic animal absorbs DON directly and (ii) an indirect pathway, in which the aquatic animal consumes bacteria that have taken up DON.
Despite this growing body of evidence for the use of shortcut nutrient flow pathways by marine invertebrates, at present, evidence for a shortcut pathway & 2016 The Author(s) Published by the Royal Society. All rights reserved.
in aquatic vertebrates is limited, although Glover and his colleagues have shown that DON may be actively transported from environmental water to gill and skin epithelia of hagfish [16 -18] . Here, using newly hatched larvae of a salamander, we tested the hypothesis that an aquatic vertebrate also has the ability to use DON as a nutrient source.
To explore whether salamander larvae can use DON as a nutrient source, we carried out laboratory experiments using environmental water free of other eukaryotic organisms in order to (i) identify which amino acids (as a source of DON) could promote growth in the larvae and (ii) determine, by using a stable nitrogen isotope tracer ( 15 N), whether nitrogen from dissolved amino acids could be found in the larval tissue. Salamander larvae are predators [19] , but small hatchlings are themselves vulnerable to predation, even from conspecifics [20] . The use of DON to enhance their growth may help them survive this vulnerable life stage. In addition, if dissolved organic matter can be shown to be a source of nutrients for other aquatic vertebrates, especially ones that are difficult to culture in the laboratory because their natural diet is unknown or unavailable, then our results may have practical application.
Material and methods (a) Collection of Hynobius retardatus eggs
Hynobius retardatus is a salamander species widely distributed on Hokkaido Island, Japan. In early spring, the adult salamanders, which inhabit forested lands, lay their eggs in lentic ponds. In general, the larvae hatch several weeks after the eggs are laid. During the larval period, H. retardatus typically consumes small aquatic arthropods, frog tadpoles, and conspecific larvae [21, 22] . However, for a week after hatching, the larvae are not able to consume these prey items because their mouth is undeveloped [20] . In our experiments, we used hatchlings at the pre-feeding stage (referred to hereafter as 'larvae'), thereby excluding consumption of prey items as a possible energy source or growth-promoting factor.
We collected 20 H. retardatus egg clusters from a single pond in Teshio Experimental Forest of Hokkaido University, Horonobe-chou, Hokkaido, Japan, in late May 2014, and 26 egg clusters from the same pond in late May 2015. In both years, the collected egg clusters were kept in tanks (33.4 Â 20 cm Â 10 cm high; 15 -30 egg clusters per tank) filled with 2 l of aged tap water and placed at 48C in a refrigerator with a glass door under natural light conditions (an approximate 15.5 light (L) : 8.5 dark (D) cycle). Several days before the experiment, we transferred the egg clusters to an experimental room maintained at 178C to promote the development of the embryos. We used egg clusters collected in 2014 for Experiment 1 ( §2b) and egg clusters collected in 2015 for Experiment 2 ( §2c). For the supporting experiment ( §2d), we used egg clusters collected in 2015 that had not been used in Experiment 2.
(b) Experiment 1: effects of amino acids on salamander growth
The objective of this experiment was to examine whether dissolved amino acids positively affected the growth of the salamander larvae. We considered an enhanced growth rate to indicate that the larvae were using DON for a nutrient source.
(i) Preparation of amino acid solutions
In June 2014, we prepared two solutions each of eight different amino acids (tyrosine, phenylalanine, lysine, serine, threonine, glycine, alanine, and proline; Wako Pure Chemical Industries, Ltd., Japan), one with a concentration of 0.5 mM (mmol l
21
) and the other with a concentration of 1 mM, as environmental water for the larvae. We used amino acid solutions with high concentrations in this experiment because our primary aim was to ascertain whether this aquatic vertebrate could use dissolved amino acids as a nutrient source, and we could not exclude this possibility without first testing it by using high-concentration amino acid solutions.
We autoclaved aged tap water at 1218C for 20 min to kill all organisms in the water. Chemical properties of the tap water are shown in the electronic supplementary material, table S1. After the water temperature returned to the maintenance level (178C), we dissolved 3 mmol of one of the eight amino acids in 3 l of autoclaved aged tap water to obtain a 1 mM solution of that amino acid. Next, we diluted 1 l of the 1 mM solution with 1 l of autoclaved tap water to obtain 2 l of a 0.5 mM solution (leaving 2 l of the 1 mM solution). To assess the properties of the amino acid solutions as environmental water, we also measured the pH of each solution with a pH meter (HI98128 pHep w 5, Hanna Instruments, USA). In this study, to minimize the degeneration of amino acids in the environmental water, the water was freshly prepared following this procedure each time the water in a case was replaced (i.e. on days 5 and 8; see §2b(ii)). All implements used in the experiments and for preparation of the environmental water were first sterilized in 0.1% hypochlorous acid or 70% ethanol.
(ii) Experimental conditions
Twenty egg clusters at developmental stage 40 (when Hynobius salamanders typically start hatching [23] ) were first separately placed in tanks filled with 1 l of autoclaved tap water. After cutting the outer egg sac, we collected 17 larvae with similar body size from each cluster and removed their jelly coats. These larvae were then carefully rinsed with autoclaved water to remove adhesive materials and organisms. In this experiment, we raised these salamander larvae in polypropylene cases (8 cm Â 5 cm Â 4 cm high), each filled with 80 ml of one of the amino acid solutions (amino acid treatments) or autoclaved tap water (control treatment). First, the environmental water was added to each case, and then an individual larva was gently put in the case. We individually assigned the 17 full or half-sibling larvae from a single egg cluster to each of 17 experimental treatments (i.e. 8 kinds of amino acids Â 2 concentration levels þ 1 control). We defined the day on which the larvae were assigned to the treatments as day 1 of the experiment. Larvae from each egg cluster constituted a block, and the experiment consisted of 20 blocks.
The larvae in each environmental water treatment were allowed to grow for 12 days in the 178C laboratory room under natural light conditions. On days 5 and 8 of the experiment, we exchanged the environmental water in the cases with freshly sterilized water. Using a scanner, we measured the larvae ventrally on days 1, 8, and 12. For scanning, the larvae were individually placed in small plastic Petri dishes (diameter, 3.5 cm; height, 1 cm) filled with autoclaved tap water (electronic supplementary material, figure S1 ). On days 8 and 12, we measured four morphological characteristics on scanned images (all units are mm): (i) length from snout to vent (snout -vent length), (ii) length from vent to tail tip (tail length), (iii) maximum gape width (gape width), and (iv) maximum head width (head width; electronic supplementary material, figure S1 ). Then we calculated total length as the sum of snout -vent length and tail length. Just after hatching, however, the larvae have an indeterminate body axis (i.e. they lean to one side), so we could not correctly measure their gape or head widths on day 1. Therefore, on day 1 we measured only their length from snout to tail tip (i.e. total length). We used IMAGEJ v. 1.45 s software [24] for all measurements.
The growth rate (GR) during days 1 -8, days 8 -12, and days 1 -12 was calculated as follows:
where L x and L y are total larval length at times t x and t y (i.e. day 1, 8, or 12), respectively. We refer to the rate at which the total length of the salamander larvae increased (mm d -1 ) as the growth rate.
(iii) Statistical analysis
The total length of the larvae on days 1, 8, and 12, the growth rates during days 1 -8, days 8 -12, and days 1 -12, and the other four morphological traits were compared among treatments by one-way mixed ANOVA in which the origin of the egg clusters was considered to be a random factor. To examine whether total length, growth rate, or any of the other four morphological traits was affected by an amino acid solution, we used a Dunnett test for pair-wise comparisons between the control treatment and each amino acid treatment (i.e. 16 separate comparisons) as a post hoc test. To describe the magnitude of the effect of each dissolved amino acid treatment on larval growth, we calculated the log response ratio of the growth rate, that is, the log-transformed ratio of the 'growth rate in each amino acid treatment' to the 'growth rate in the control treatment' in each block. The log response ratio is widely used to visualize the magnitude of a positive or negative effect after standardization [25] . We used two-way mixed ANOVA to compare the log response ratio (i.e. the effect magnitude) among the eight different amino acids and between the two concentrations of each amino acid solution (0.5 versus 1 mM).
(c) Experiment 2: nitrogen uptake
The objective of Experiment 2 was to examine whether dissolved amino acid-nitrogen was taken up into the bodies of the larvae. In Experiment 1, we confirmed that the amino acid phenylalanine could effectively promote the growth of these salamander larvae (see Results). Thus, for efficient detection of possible amino acid use by the larvae, we used 15 N-labelled phenylalanine ( 15 N-Phe; 15 N concentration adjusted to 20 atom%) as a stable isotope tracer in Experiment 2. This experiment was conducted in June 2015, using 18 egg clusters.
(i) Experimental design
The experiment consisted of three treatment groups: (i) 15 N-Phe treatment, in which a 15 N-Phe solution was used as the environmental water for the salamander larvae, (ii) control 1, in which autoclaved tap water was used for the environmental water (control water), and (iii) control 2, in which the larvae were raised in control water but dipped in 15 N-Phe solution before the isotope analysis (electronic supplementary material, figure S2 ). The second control was used to determine whether contamination with 15 N solution remaining on larval skin would affect the results. In addition, to avoid contamination from 15 N remaining in the alimentary canal, we excised the tail and used this tail tissue for the 15 N% analysis. The isotope analysis requires a sample mass more than 2 mg, dry weight; therefore, to obtain this sample mass, for each isotope analysis, we raised six larvae from the same egg cluster and pooled their tail tissue. For this experiment, we used 18 egg clusters (18 replicates); thus, we raised a total of 324 individual salamander larvae (3 treatments Â 6 individuals per treatment Â 18 replicates). In this experiment, the growth rate of the individual larvae was measured, and then analysed using a randomized block design (see below). The 15 N% was analysed by non-block design, because the samples for this analysis were pooled within egg clusters (blocks).
(ii) Water preparation and experimental conditions
To assure removal of any eukaryotic organisms, we used autoclaved tap water that had been filtered (filter pore size, 0.2 mm). Just before the experiment, we dissolved 10 mmol of 15 N-Phe in 10 l of the autoclaved tap water to make a 15 N-Phe solution with a final concentration of 1 mM.
We used 18 egg clusters at developmental stage 40 [23] , and from each cluster we selected 18 larvae with similar body size. As in Experiment 1, on day 1 we scanned the larvae ventrally and measured the initial total length, and then we placed the larvae individually in cases (8 cm Â 5 cm Â 4 cm high) filled with 15 N-Phe solution or control water. The experimental conditions were the same as in Experiment 1, except for the water exchange interval; in Experiment 2, we exchanged the environmental water for fresh water every other day. On day 7, we again scanned all larvae ventrally to measure their total length.
(iii) Isotope analysis
After scanning the larvae, we carefully rinsed them twice with autoclaved tap water to remove any 15 N-Phe adhering to their skin. We used the second control group to confirm that the rinse was successful; we dipped the larvae in the second control group in 15 N-Phe solution for 10 s before rinsing them twice with autoclaved tap water. We dipped larvae in the first control group and the 15 N-Phe treatment group in autoclaved tap water, instead of 15 N-Phe solution, for 10 s. Because we did not detect abnormally high 15 N concentrations in the second control group samples compared with the first control group samples (see Results), we considered that our rinsing procedure successfully removed 15 N-Phe adhering to the larval skin.
All larvae were euthanized by immersion in a 0.1% solution of ethyl m-aminobenzoate methanesulfonate (MS-222) [26] . This euthanasia treatment served as a third rinse. Then, we excised the larval tails with scissors. The excised tail tissue was oven-dried at 608C for 48 h; then the dried samples were packed into freezer bags (Ziploc w ) and put in a freezer at 2208C until the isotope analysis. After one month, 15 N atom% in the samples was analysed using a mass spectrometer at SI Science Co., Ltd. (Kitakatsushika, Japan).
(iv) Statistical analysis
The total length on day 1 and the growth rate during days 1 -7 were compared among treatments by one-way mixed ANOVA. We used a Tukey -Kramer test for pair-wise comparison of the growth rate between treatments as a post hoc test. The 15 N atom% in the tail tissue was compared among treatments by a Kruskal -Wallis test, and a U-test was used for pair-wise comparison between treatments as a post hoc test. The significance level of a ¼ 0.05 was adjusted by the Bonferroni method for the post hoc pair-wise comparisons.
(d) Supporting experiment
To obtain further information about whether non-amino acidnitrogen can promote larval growth, we maintained the larvae in environmental water containing high concentrations of one of three inorganic nitrogen compounds (NH 4 NO 3 , (NH 4 ) 2 SO 4 , or KNO 3 ) or another form of organic nitrogen (N-acetylglucosamine, GlcNAc, an amino sugar), and compared the growth rates of these larvae with the growth rates of the larvae maintained in a phenylalanine (Phe) solution or in control water (autoclaved water). In this supporting experiment, which was performed in June 2015, the nitrogen concentration in each solution was adjusted to 1 mM using autoclaved tap water. We used a randomized block design for the experiment. We selected 18 larvae from each of the eight egg clusters, and assigned three individuals to each of the six treatment groups (3 inorganic N compound treatments þ GlcNAc þ Phe þ control) (6 treatments Â 3 individuals per treatment Â 8 replicates). After measuring their initial total length, we placed the larvae individually in cases (8 cm Â 5 cm Â 4 cm high) filled with one of the prepared environmental waters. We exchanged the environmental water with fresh water every other day. On day 7 of the experiment, we measured the total length of the larvae. The total lengths and the growth rates of the larvae were compared among treatments by one-way mixed ANOVA. The Tukey-Kramer test was used as a post hoc test.
Results
We found significant block effects on all dependent variables in the block-design tests ( p , 0.001). In all experiments, there was no difference in the initial total length of the larvae among treatments at the start of the experiment (Exp. 1, figure 1c) . In particular, the growth rates of larvae in five of the amino acid solutions (i.e. tyrosine, phenylalanine, lysine, serine, and threonine) during the first 8 days were higher than the growth rates of those in control water. Although the growth rates during days 8-12 differed among treatments (F 16,304 ¼ 1.90, p ¼ 0.020), the growth rates of larvae in the amino acid solutions were not higher than those of larvae in control water (figure 1d). The pattern of the overall growth rate (i.e. during days 1-12) in response to each amino acid was almost the same as the pattern of the growth rate during days 1-8 (F 16,304 ¼ 6.05, p , 0.001; figure 1e) .
The log response ratios of larval growth (electronic supplementary material, figure S4) showed that the magnitude of the effect of the dissolved amino acids on larval growth differed among the different amino acids (F 7,285 ¼ 14.95, p , 0.001), and between the two amino acid concentrations tested (F 1,285 ¼ 4.64, p ¼ 0.032). A significant interaction effect between amino acid and concentration was also detected (F 7,285 ¼ 2.49, p ¼ 0.017). Serine and alanine promoted larval growth more at the higher concentration (0.5 versus 1 mM) (serine: F 1,19 ¼ 8.83, p ¼ 0.008; alanine: F 1,19 ¼ 5.94, p ¼ 0.025), but the log response ratios of the other amino acids did not differ between the two concentrations ( p . 0.1). At the higher concentration, no amino acid inhibited larval growth.
The average pH of the control water was 6.62, and the average pH of six of the seven amino acid solutions was within the range from 6.55 to 6.62 (electronic supplementary material, table S2). The lysine solution, however, was alkaline, with an average pH . 9. Although, based on the average of the log response ratios at the two concentrations, lysine was the most effective in promoting larval growth, there was no consistent trend between the pH of the amino acid solutions and larval growth (electronic supplementary material, table S2).
Similar to the total length, the magnitudes of all four morphological traits (snout -vent length, tail length, gape width, and head width) differed among treatments on day 8 (all traits: F 16,304 . 3.30, p , 0.001; electronic supplementary material, figure S5 ). In the tyrosine, phenylalanine, lysine, serine, and threonine treatments, the magnitudes were larger than in the control treatment, except for snout -vent length in the tyrosine treatments and the lower concentration (0.5 mM) serine treatment.
(b) Experiment 2: nitrogen uptake
The growth rate of larvae was significantly greater in the 15 NPhe treatment than in the control treatments (F 2,323 ¼ 78.37, p , 0.001; figure 2a). Except for one sample, 15 N atom% in the tail tissue was constant (0.369%) in both control groups (figure 2b). 15 N atom% was 0.370% in one control 2 sample, so it is possible that not all of the amino acid adhering to the skin was completely rinsed off. However, because 15 N atom% in this sample was almost the same as in the other control samples, we considered 15 N contamination in this experiment to be negligible. 15 N atom% in the tail tissue of larvae maintained in 15 N-Phe solution was significantly greater than that of larvae maintained in control water (x 2 ¼ 48.7, p , 0.001; figure 2b) ; therefore, we judged that dissolved amino acid-nitrogen was taken up into larval tissue.
(c) Supporting experiment
In the supporting experiment, there were differences in the growth rate among treatments (F 5,143 ¼ 8.32, p , 0.001; figure 3 ). The growth rate in the Phe treatment was higher than the growth rates in all other dissolved nitrogen treatments as well as that in the control treatment. However, growth rates did not differ between the (NH 4 ) 2 SO 4 , KNO 3 , and GlcNAc treatments and the control, and was lower in the NH 4 NO 3 treatment compared with the control. 
Discussion
It has generally been assumed that aquatic vertebrates do not absorb DON directly or consume bacteria, but that nitrogen from DON reaches aquatic vertebrates via a long pathway involving multiple eukaryotic species. Here, using larvae of the salamander H. retardatus as a model species, we demonstrated that an aquatic vertebrate could use dissolved amino acids without eukaryotic mediation.
Of the eight amino acids tested in Experiment 1, five (lysine, threonine, serine, phenylalanine, and tyrosine) had a remarkably positive effect on the growth of salamander larvae (figure 1). In Experiment 2, using a stable nitrogen isotope tracer ( 15 N), we obtained evidence that nitrogen derived from an amino acid ( phenylalanine) was actually taken up into the tissues of the salamander larvae (figure 2). We carefully designed these experiments to prevent biological factors other than aquatic bacteria from contributing to the effects of the amino acids. Although we could not exclude the possibility that aquatic bacteria might have increased again in the environmental water, our procedure ensured that no living eukaryotes, excepting the salamander larvae, were present in the environmental water. In fact, in another experiment with H. retardatus larvae, using similar procedures, fluorescence in situ hybridization revealed no eukaryotes in the environmental water (N Katayama 2015, personal observation). Hence, the results of this study suggest that a shortcut pathway exists via which DON can be taken up by an aquatic vertebrate without eukaryotic species acting as intermediaries in the nutrient flow.
We suggest that there are two possible pathways of nitrogen uptake of the dissolved amino acids by the larval tissue. The first possible pathway is the direct absorption of dissolved amino acids by the salamander larvae via their digestive organs, gills, or skin. Although these early larvae cannot eat, they may drink the amino acid solution and thereby absorb amino acids through the wall of the stomach or gut; their direct absorption through the gills or skin is also possible. Indeed, in hagfish, an ancient vertebrate, the uptake of dissolved amino acids across both gill and skin epithelia has been experimentally shown [16, 18] . Although little is known about absorption of amino acids by amphibians, DON in the form of urea is capable of being transported across amphibian skin [27] . Alternatively, an indirect absorption pathway involving bacteria is also possible. The salamander larvae may take up amino acid-derived materials by consuming bacteria that had absorbed the dissolved amino acids. Changes in gut microbiomes, which generally affect the survival and growth of the host animal [28] , are also a possible mechanism of the growth effects of the amino acids. At present, we have no evidence supporting any particular uptake mechanism or absorption pathway. Future studies are necessary to identify the specific process or mechanism of uptake of the dissolved amino acids. Regardless of the precise pathway, our experimental results suggest that the nutrients (here, amino acids) transferred into the salamander larvae improved larval growth, which implies that the larvae might use the nutrients as an energy source. Alternatively, the nutrients might have some other growth-promoting effect: amino acids may, for example, serve as substrates for growth hormones [29] or contribute to osmoregulation [18] . The way in which the dissolved amino acids influence the growth of this aquatic animal should be examined in the future.
In our experiments, the effect of amino acids on growth promotion in the salamander larvae disappeared eight days after hatching (figure 1). The disappearance of this effect may be due to the balance between energy supply and demand. Because the energy demands of organisms increase with the size of the organism [30] , once the larvae have grown to a large body size, they might not be able to obtain adequate energy from dissolved amino acids. Alternatively, if the larvae take up the amino acids through their skin or gills, a developmental change in the function of these organs might explain the disappearance of growth promotion. In any case, there is a strong growth-promoting effect of dissolved amino acids in the early post-hatch stage ( figure 1). (a) Properties of amino acids that promote larval growth
We did not find any positive effects of the inorganic nitrogen compounds (NH 4 NO 3 , (NH 4 ) 2 SO 4 , or KNO) or the amino sugar (N-acetylglucosamine) on larval growth (figure 3). Although aquatic bacteria and cyanobacteria can use these forms of dissolved nitrogen [1, 31] , it is unlikely that the salamander larvae can use them as a nutrient resource. Although only amino acids promoted larval growth in our experiments, the magnitude of the effect differed among amino acids ( figure 1 ). This result raises the question of what properties of amino acids determine the extent of the effect. Among the amino acids tested, lysine, an alkaline amino acid, promoted larval growth most effectively (electronic supplementary material, table S2). In general, water pH is an influential determinant of the growth of aquatic animals. A pH higher or lower than the optimal is harmful to aquatic animals [32] , and probably decreases the rate of DON transport to invertebrates [15] . However, in our experiments, pH was probably not a key determinant of the overall effects of the amino acids because the neutral amino acids threonine and serine exhibited effects of the same magnitude as lysine (electronic supplementary material, table S2).
The properties of a dissolved amino acid that enable it to meet the energy or nutrient demands of the larvae probably determine the magnitude of the effect (electronic supplementary material, table S3). Among the five amino acids that exhibited large effects, lysine, phenylalanine, and tyrosine are ketogenic amino acids, which can be converted to fatty acids in starvation-stressed organisms [33] , and lysine, threonine, and phenylalanine are essential amino acids, ones that animals must obtain from their diet [34] . By contrast, alanine, proline, and glycine, which exhibited a small effect on growth, are neither ketogenic nor essential amino acids. Alternatively, the role of amino acids as a source of dissolved organic carbon may be relevant, because the amino acids that exhibited large effects tended to have higher numbers of carbons per molecule, a potential energy index for a metabolic resource, than those that exhibited small effects. The vital roles played by different amino acids may also influence the magnitude of the effect. For example, lysine can serve as a substrate for growth hormones [35] , and tyrosine and phenylalanine are inducers of catecholamine, which forms the basic structure of neurotransmitters [36] . The ability of each amino acid to penetrate the surfaces of the gut, skin, and gills might also determine the effect magnitude; amino acids with a better penetrative ability could have better usability as a source of nutrients or growth-promoting factors. Since Pü tter [37] hypothesized that DON is available as an energy source for marine invertebrates over 100 years ago, many researchers have searched for evidence of DON (especially amino acid) utilization by invertebrates (for reviews, see [38, 39] ). For example, Stephens & Schinske [40] reported that when marine invertebrates, such as Porifera, Ectoprocta, Annelida, Mollusca, and Echinodermata, were reared in seawater to which DON had been added, the amino acid concentration in the seawater decreased. They attributed this result to the consumption of dissolved amino acids by the invertebrates. Thereafter, tracer experiments using 14 C-labelled amino acids demonstrated that dissolved amino acids are transported into the bodies of invertebrates [41] . Although in many early studies, researchers were unable to remove bacteria from marine invertebrates, Manahan et al. [15] overcame this worrisome problem by raising bacteria-free sea urchin larvae from axenic eggs; as a result, they were able to demonstrate that in a sterile environment the bacteria-free larvae could directly absorb dissolved amino acids. Such an approach should be effective in our system to determine the relative importance of direct and indirect (via bacteria) effects of dissolved amino acids on the growth of vertebrate species. Furthermore, genes encoding functional amino acid transporters have recently been found in a sea urchin [42] and in sea stars [43] . Thus, it is now widely accepted not only that dissolved amino acids improve invertebrate performance, but also that aquatic invertebrates can take up dissolved amino acids from environmental water to satisfy their energy demands.
In contrast to the many studies arguing that aquatic invertebrates can use DON, only a few reports have suggested that hagfish, an aquatic vertebrate, can actively take up DON from environmental water into its own tissue [16, 18] . However, whether aquatic vertebrates can use DON as an energy source remains an open question. In this study, although we did not identify the precise pathway, we showed that H. retardatus larvae incorporated nitrogen from dissolved amino acids into their body tissue (figure 2) and that the growth of larvae kept in an amino acid solution was improved (figures 1 and 2). These findings support the possibility that these larvae can use DON as a nutrient resource.
Larvae of H. retardatus salamander usually inhabit cannibalistic environments, in which large individuals consume smaller conspecifics [20, 26] . If intraspecific variation in the ability to use amino acids exists, then the advantage of using amino acids to salamander larvae in conspecific interactions can be demonstrated; larvae with a strong utilization ability would grow more rapidly than those with only a weak ability and thus would, by eating their smaller conspecifics, achieve greater success as cannibals. For their survival in such an environment, it is critical for newly hatched larvae to obtain as much energy as possible in order to grow rapidly during the early post-hatching stage. However, newly hatched salamander larvae cannot feed on solid prey items because their mouths remain incompletely developed; thus, they are forced into an oligotrophic situation. Therefore, the ability to use dissolved amino acids might be an adaptation that helps them survive during this pre-feeding life stage. Although this ecological argument is plausible, the concentrations of the amino acids solutions used in our experiments were considerably higher than typical dissolved amino acid concentrations in natural ponds (usually less than 1 mM). Therefore, to evaluate the early uptake of amino acids in an ecological context, future experiments should be designed to test whether dissolved amino acids at the levels found in natural pond water have growth-promoting effects in salamander larvae.
(c) Perspectives
Up until now, DON has been generally assumed to follow a long nutrient flow pathway to vertebrates, via multiple eukaryotic species linked by successive prey-predator interactions. Thus, food-web theory has been developed on the basis of this assumption. This study offers a novel perspective, namely, that an aquatic vertebrate can use DON as a nutrient source without the mediation of other eukaryotic species. The present results are clear evidence of the existence of a shortcut nutrient pathway from DON to aquatic vertebrates.
This novel perspective may require the revision of current theories about energy flow as well as community organization in aquatic systems. For example, whereas it is usually supposed that the growth and survival of aquatic vertebrates are supported by nutrients derived from vegetable primary production in grazing food-chains, this novel view leads to the idea that nutrients to support vertebrate growth and survival can be, at least partly, provided by the initial links of a detrital food-chain, in which DON is released from organic debris and absorbed by aquatic bacteria. Many aquatic vertebrates, such as salamander larvae, are predators, and larger predators require a larger amount of food obtained from a variety of prey items [22] ; therefore, predators that can jump-start their growth by using DON as a nutrient source can have a great impact on aquatic prey in future prey-predator interactions and thus drive organizational changes in the aquatic community.
The utilization of DON by aquatic vertebrates also has potential application in aquaculture. For fish cultivation, understanding the nutritional demands of fishes is an important area of research [44] . For example, hatchery fishes often suffer from nutritional deficiencies because of insufficient quantities of essential amino acids [45] . To correct for this nutritional deficiency, fish farmers are encouraged to supplement the feed of hatchery fishes with an artificial amino acid-enriched diet [46] . If hatchery fishes can absorb amino acids from environmental water as well as from their diet, the addition of amino acids to their environmental water would be a convenient alternative way of improving the growth and survival of hatchery fishes. In addition, efforts to cultivate some economically valuable fishes have failed owing to our lack of knowledge about their natural diets. For such fishes, dissolved organic matter may have potential as an alternative supplemental diet.
Of course, the extent to which aquatic vertebrates other than H. retardatus can use DON as an energy source is unknown. Future investigations targeting other aquatic vertebrates should breathe new life into studies of food webs and aquaculture. rspb.royalsocietypublishing.org Proc. R. Soc. B 283: 20160996
